We studied the relationship between oxygen delivery (DO 2 ) and consumption (VO 2 ) in twenty patients undergoing cardiac surgery, in order to determine if VO 2 was dependent on DO 2 (pathological oxygen supply dependence). We measured VO 2 from expired gas analysis (VO 2G ) and compared this to that calculated using the reverse Fick method (VO 2F ). Both VO 2G and VO 2F increased after cardiopulmonary bypass (P<0.001), without change in DO 2 (i.e. oxygen extraction ratio increased). There was a significant relationship between changes in DO 2 and VO 2F , both before bypass (r=0.74, P<0.001) and after bypass (r=0.69, P<0.001), while changes in DO 2 and VO 2G had no such relationship (pre-bypass: r=0.38, P=0.094; post-bypass: r=0.10, P=0.68). There was poor agreement between VO 2F and VO 2G perioperatively. We could not demonstrate supply dependence in elective cardiac surgical patients.
The usual response of the body following major surgery is to increase tissue oxygen delivery (DO 2 ) to accommodate the increase in metabolic rate (i.e. oxygen consumption [VO 2 ]). In normal situations, this is achieved by an increase in cardiac output, so that there is little change in oxygen extraction (the amount of oxygen removed from haemoglobin as it passes through the tissues). However, the oxygen extraction ratio (O 2 ER) increases significantly in patients after cardiac surgery and cardiopulmonary bypass (CPB), and does not return to normal within six hours [1] [2] [3] . What remains uncertain is for how long these changes persist and what the implications are, particularly if patients are extubated earlier in the intensive care unit.
Routsi et al 4 found that there was a strong association between VO 2 and DO 2 in cardiac surgical patients and concluded that VO 2 can be predicted from DO 2 . This suggests pathological "supply depen-dence", which has been described in critical care patients, particularly those with septic shock [5] [6] [7] [8] . It has been suggested that patient outcomes can be improved by maximizing DO 2 , and that this will also optimize VO 2 and so avoid tissue acidosis 6, 7 . However, most of these earlier reports have been criticized because of their methodology [9] [10] [11] [12] and further, that interventions used to increase DO 2 (inotropes, blood transfusion) may actually lead to patient harm 13, 14 . Many authors have failed to appreciate the concept of mathematic coupling, whereby if VO 2 and DO 2 are calculated with two common factors (i.e. cardiac output and oxygen content), then there will always be a moderately strong correlation (with an r value about 0.70), irrespective of their true association 10, 15, 16 . There have also been a number of recent reports that refute the existence of supply dependence in critically ill patients (predominantly septic shock) 11, 17, 18 .
To determine if in fact there is supply dependence in cardiac surgical patients, we measured VO 2 independently using expired gas sampling. It was our hypothesis that there is no relationship between VO 2 and DO 2 in these patients and that supply dependence does not occur.
MATERIALS AND METHODS
After Ethics Committee approval, 20 sequential patients undergoing elective cardiac surgery involving CPB were enrolled in this open study after written, informed consent. Patients were excluded if they had any evidence of sepsis (temperature >37.5°C, WCC >12,000/ml), a history of hyper-or hypothyroidism, mitral or tricuspid regurgitation, or claustrophobia or facial deformities (canopy kit intolerance or ill-fit).
All patients received a standardized general anaesthetic. Premedication: temazepam (10-20 mg), morphine (5-10 mg) and hyoscine (0.2-0.4 mg); induction: midazolam (5-10 mg) and fentanyl (15 µg/kg); neuromuscular blockade: pancuronium (0.1 mg/kg); maintenance: propofol infusion (3-6 mg/kg/h). Perfusion during CPB was also standardized and consisted of a crystalloid prime, membrane oxygenator, arterial line filter (20 micron), moderate hypothermia (28-32°C), alpha-stat pH management, and non-pulsatile flow (2.4 l/min/m 2 at 37°C, 1.8 l/min/m 2 at 25°C). Mean perfusion pressure was maintained at 50-70 mmHg using increments of metaraminol.
After surgery, on return to the intensive care unit, initial ventilator management consisted of inspired oxygen concentration 60%, tidal volume 10 ml/kg and a respiratory rate of 10-12/min. Patients were weaned from mechanical ventilation as soon as they responded to verbal stimuli, rewarming was complete, haemodynamic stability had been established and blood loss was satisfactory (<100 ml/h).
Measurements
Haemodynamic measurements were taken at the following time intervals: Time period 1: pre-induction. Haemodynamic measurements consisted of central venous pressure, pulmonary capillary wedge pressure, mean arterial blood pressure, cardiac output (CO) and systemic vascular resistance (SVR). Blood temperature was recorded from the thermistor of the pulmonary artery catheter.
At all time periods we also collected blood for measurement of arterial and mixed venous haemoglobin concentration, oxygen saturation and tension (Ciba-Corning 865 co-oximeter). Mixed venous samples were taken via the distal port of the pulmonary artery catheter. We then calculated DO 2 using the following formula: DO 2 =cardiac output (l/min) x arterial oxygen content (C a O 2 , ml/l), where C a O 2 =haemoglobin concentration (g/l) x 1.34 x arterial oxygen saturation (%) + (0.003 x arterial oxygen tension [mmHg]). Fick equation-derived oxygen consumption (VO 2F ) was calculated by the following formula: VO 2F =cardiac output x (CaO 2 -C v O 2 ), where C v O 2 =mixed venous oxygen content. Oxygen extraction ration (O 2 ER) was calculated as (C a O 2 -
Cardiac output was measured using the thermodilution technique, with 10 ml of room temperature saline. All readings were performed at endexpiration, in triplicate, with each reading accepted if within 10% of each other. The average reading was used. Tricuspid regurgitation was excluded by visualization of the right atrial pressure waveform. Cardiac index and SVR were calculated from the Hewlett Packard Component Monitoring System (HP M1176A).
Expired gas sampling was also performed at the above time intervals, as well as the following, to determine VO 2 using indirect calorimetry (VO 2G ): Time period 9: 2 days post-CPB. Time period 10: 3 days post-CPB. Time period 11: 4 days post-CPB. Time period 12: 5 days post-CPB.
We used the Deltatrac II gas analyser (Datex Instrumentarium Corp, Helsinki, Finland), which has previously been validated 19 . For measurement of VO 2G , the patient's inspired oxygen concentration was set below 60%. Artefacts were suppressed, according to the manufacturer's instructions. When the patient was still intubated, we included the Deltatrac connector in the ventilator circuit to allow measurement of gas concentrations and volume. Postoperatively, after the patient had been extubated, we measured VO 2G using the Deltatrac canopy kit, during the patient's rest period.
Statistics
Repeated measures analysis of variance was used to analyse the perioperative changes in O 2 ER. Because of missing data at later time periods, paired t-tests were used to analyse changes in VO 2G over time. Simple linear regression analysis was then used to calculate the relationship between DO 2 , VO 2G and VO 2F in each individual patient at pre-specified time periods; with their relationship described by univariate Pearson correlation coefficients (r) and the slope of the regression line (B), as determined by the least squares method. The agreement between both methods of measuring VO 2 is derived from Bland-Altman plots 20 . All statistical analyses were per-formed with SPSS/PC+V4.0 software. A P value of less than 0.05 was considered significant.
RESULTS
We enrolled 20 patients; 16 underwent coronary artery bypass grafting and four underwent valvular surgery. Their characteristics are presented in Table  1 . In four patients there were five missing data points for oxygen saturation (of 240 data points) for which we substituted the group mean value to enable complete VO 2F and O 2 ER values.
Only five patients had their pulmonary artery catheter in situ at 24 h post-bypass, so CO, SCR, DO 2 , VO 2F and O 2 ER values are restricted to this smaller sample at this time period. The haemodynamic changes are presented in Table 2 and metabolic changes in Table 3 . The sequential changes in VO 2G and O 2 ER are presented in Figure 1 .
The individual relationships between changes in DO 2 and corresponding changes in VO 2G , for the pre-bypass (at 30 min post-induction) and postbypass (3 h) periods is illustrated in Figure 2 ; the corresponding relationship between DO 2 and VO 2F is illustrated in Figure 3 . Following CPB (at 45 min and 6 h), the individual relationship for changes in these variables is illustrated in Figures 4 To investigate the possibility of oxygen supply dependency, we measured the relationship between DO 2 and VO 2G , and VO 2F , over these same time periods. There was a significant relationship between DO 2 and VO 2F for the pre-and post-bypass period (slope=0.22, r=0.74, P<0.001), but not between DO 2 and VO 2G (slope=0.08, r=0.38, P=0.094). This also occurred in the post-bypass period (DO 2 and VO 2F : slope=0.17, r=0.69, P<0.001); DO 2 and VO 2G : slope=0.024, r=0.10, P=0.68).
The agreement between VO 2G and VO 2F at all time periods is depicted in Figure 6 . It should be noted that the usual method of presenting agreement data is to plot the difference between both methods on the Y-axis and the average of both methods on the X-axis 20 ; this would require six separate graphs. For clarity, we have summarized the data onto one plot. 
DISCUSSION
The results of this study support our hypothesis that no relationship exists between oxygen consumption (VO 2 ) and oxygen delivery (DO2) in cardiac surgical patients after CPB. Consequently, we could not demonstrate oxygen supply dependence during this period. This is the first study to document the serial changes of VO 2 using indirect calorimetry for the first five postoperative days following cardiac surgery. By this time the VO2 had not yet returned to the baseline level expected for the patient's age, body temperature and wakefulness; this probably represents the ongoing catabolic state after major surgery 1 . We consider that our preinduction VO2 values represent the effect of sedation following premedication, so are not, truly, baseline values. There was a 25% reduction in VO 2 following induction of anaesthesia. Previous studies have measured VO 2 during, and shortly after cardiac surgery 1, 2, 8, [21] [22] [23] [24] [25] [26] , though most used a Fickderived method and we could find no data for patients beyond the second postoperative day. The early increase in VO 2 after CPB is well described, and is mostly attributed to rewarming (early phrase) and the neurohumeral catabolic response to major surgery 2 .
We also found very poor agreement between both methods of VO 2 estimation, both before and after cardiopulmonary bypass. This may be due to measurement variance at several stages. These include accuracy and stability of the Deltatrac metabolic monitor, errors and assumptions in the calculation of arterial and mixed venous oxygen content 28 , and the known variation in thermodilution measurement of cardiac output 29, 30 . VO2F also precludes the pulmonary component of VO2, which may be significantly early after CPB, as it is in patients with pneumonia 31 . The Deltatrac metabolic monitor measures VO2 using an open circuit indirect calorimeter and has been previously validated 19 . Nevertheless, because the Deltatrac monitor derives VO2 from the Haldane transformation (VO2=VCO2/RQ, where RQ=respiratory quotient), it assumes a stable relationship between VO2 and carbon dioxide production. To accommodate for this, we ensured a stable period of equilibration had been achieved before accepting measurements. This was compromised to some extent during the daily follow-up of the patients, as a trade-off between stable measurements and patient co-operation was required: we do not believe this jeopardized our results.
Bizouarn et al 32 recently compared VO2G with VO2 derived from a continuous thermodilution technique in nine patients after cardiac surgery. They also found poor agreement between both methods and describe possible explanations for this. They found that VO2 calculated from thermodilution measurement of continuous cardiac output based on a stochastic system identification technique had very good repeatability, and they attribute this to the high precision of their cardiac output measurements. In our study we used intermittent thermodilution measurement of cardiac output, using room-temperature injectate. This has been shown to be satisfactory 33 DO2/VO2G and DO 2 /VO2F relationships, when plotted at two separate time periods before and after CPB. Note that these figures describe the individual patient measures, and not pooled data (which would almost certainly demonstrate a spurious relationship between both variables 9, 10 . This then serves to show that it is erroneous to assume that VO 2F is equivalent to VO 2G . If a true relationship is to be found between VO 2 and DO 2 , it must be determined by using the independently obtained VO 2G. To clearly demonstrate oxygen supply dependence in this patient group, we should have altered DO2 (using fluids, blood transfusion or inotropes) and measured subsequent changes in VO2G. We did not do this, but instead observed the expected increase perioperatively. This may have introduced a spurious relationship, given the potential simultaneous changes in DO 2 and VO 2 over time. The fact that we did not demonstrate a relationship between DO 2 and VO2G but did with VO2F, supports our conclusions and those of others 11, 17 . It is also possible that our patient population was not sick enough, and perhaps if they had shown greater impairment of tissue DO2 may have yielded different results. But in our study population we had many episodes of low cardiac output and DO2, with many episodes of higher O2ER and so it would be unlikely that supply dependence can be found in this patient population. A final criticism is that we did not observe a great enough change in DO2, but our range (20-25%) is similar to that induced by others 11, 17 . Given that we could not demonstrate pathological oxygen supply dependence in postoperative cardiac surgery patients, and it has also been refuted in sepsis syndrome patients 11, 17, 34 and ARDS patients 35 , we question the targeting of a supra-normal DO2 as a therapeutic goal in any patient group. It is interesting to reflect on the pathophysical processes that occur in patients at risk of impaired tissue DO2. Oxyhaemoglobin provides a physiological reserve or store of oxygen, and if tissues require more, it is extracted from haemoglobin: only after maximal oxygen extraction in the time available is it necessary to increase DO2. An O2ER in excess of 0.5 can be maintained before oxygen supply dependence is demonstrated 36 . Intuitively, it has always been difficult to explain how presenting a larger amount of oxygen to the tissues causes them to metabolize more-"you can lead a horse to water, but you can't make it drink!" There have been several excellent reviews exploring these issues further 9, 10, 12, 37, 38 .
It is our practice to avoid the potential complications of unnecessary augmentation of DO2, such as increasing haemoglobin concentration with homolo-gous blood transfusion or increasing cardiac output with inotropic agents. Both these manoeuvres present added risk to patients 13, 14 . There is some evidence that inotropic agents with vasodilator properties, such as dopamine and dobutamine, may adversely affect microvascular autoregulation and lead to localized tissue ischaemia [38] [39] [40] . There is therefore no reason why the standard goals of therapy should be exceeded.
In conclusion, our study failed to demonstrate pathological supply dependency in postoperative cardiac surgery patients and therefore it is inappropriate to target supra-normal DO2 goals with a view to improving VO2 and patient survival.
